Abstract
Introduction
Maintenance and restoration are common problem of historical stone structures. There are more than 1500 stone masonry arch bridges in Hungary which were built primarily in the 18th and 19th centuries [1] . Since the condition of most bridges aggravated and the traffic loads have increased significantly, the verification of the stability and the calculation of the load-bearing capacity of these bridges are required. Thus several Hungarian stone masonry arch bridges were investigated in the past few years [2] [3] [4] [5] [6] [7] [8] [9] . It has been found that it is difficult to determine adequate input parameters for the numerical modelling from the in situ tests even for simple methods such as thrust line analysis. Naturally, the more complex methods require more precise input parameters. Nonetheless, the results of these more complex models describe better the behaviour of the masonry vaults. All things considered, great accuracy is expected from the numerical models, though it is not attained in case of practical applications. In general, it is very difficult to obtain the input parameters which can modify the results significantly. Therefore it is important to determine the scale of these effects and get to know their behaviour better by means of laboratory and numerical experiments.
Within the masonry vaults predominantly compression, and in a smaller extent shear and friction occur from the external loads. The main point in design of arch geometries is to allow the smallest tension to occur, since the connections of real masonry arches usually do not resist high tensions. If a vault is capable of bearing a significant tensile stress, then it is a continuum shell rather than a masonry shell. Thus the bonding strength of the connections influences the behaviour of the arches significantly. In case of small scale laboratory experiments the bonding strength has a more important influence on the stability of the structure. As a consequence, this parameter was analysed by means of numerical modelling.
The aim of this paper is to provide information about the required parameters for the analysis of the behaviour of stone arches by means of experiments. To increase the reliability of models and to have a better accuracy of the input parameters scale laboratory experiments are required with the combination of numerical modelling. With the help of the small scale experiments the general behaviour of each structural element and connection can be better understood. Previous studies dealt with real and small scale laboratory models and their numerical analyses with rigid-block method [10, 11] ; or with FEM [12, 13] and with DEM [14] . Prior to the laboratory experiments preliminary computer analyses are advised, since these computer-derived models help to design the experiments and allow a better understanding of failure mechanisms. This paper will address the different aspects and results of the preparatory investigations of a small scale laboratory experiment.
2 Analytical method 2.1 Geometrical design Most of the Hungarian masonry arch bridges (app. 90%) are single-span bridges [15] , and a significant part of the multispan bridges have short piers, i.e. their piers have low slenderness ratios. The spans of this kind of multi-span bridges work separately as independent arches so they could be investigated like single-span bridges [15] . Therefore in the first phase of our planned experiments the aim of the research was to investigate single-span barrel vaults. Although, barrel vaults are three-dimensional shell structures, when the vaults have joints that pass through the direction of axis, the verification of the load-bearing capacity can be simplified. The three-dimensional numerical modelling can be reduced to a two-dimensional task to close approximation. Fig. 1 shows the geometry of the chosen arch which consists of 14 blocks. The size of the blocks are: 6.5 cm * 12 cm.
Material properties
Hungarian stone masonry arches do not have one typical dimension stone. Usually they were constructed from different dimension stones of that region [1, 17] , and very often different lithologies were used. Their span is typically small, and local builders used mostly stones form the neighbouring quarries. Therefore in our experiment there were no preferred lithologies. The aim of the material selection was to use such material that behaved homogeneously and isotropicly even in a small scale. This was the primary consideration because the internal structure of the rocks could influence the whole behaviour significantly depending on the size [18] . With homogeneous material the evaluation of the results becomes more certain for both the experimental and the numerical models. For this reason the laboratory arch is planned to be built from a stone that has fairly homogeneous micro-fabric. It could be fine-grained quartz sandstone or certain types of limestone [19] .
To adjust the behaviour of the connections the angle of internal friction, cohesion, tensile strength, normal and shear stiffness are needed. The input parameters of the models of the arches are shown in Table 1 . Different parameter settings were used to analyse the different behaviours, therefore in case of the connections the following tensile strength values were used:
Loading
The fill and backfill of masonry arch bridges influence the structural behaviour of the vault significantly, since they have both stabilizing and load distributing function [4, 20] . Therefore these effects have to be considered in order to get a result that best models the behaviour of the masonry arch. Currently the soil-structure interaction is in the focus of research [11, 12] . However, our aim was to eliminate the complex effect of the arch-backfill interaction phenomena, therefore two symmetrically placed concentrated forces were chosen as loads (Fig. 1) . With this simplification it was easier to observe and analyse the effect and behaviour of the different parameters.
Numerical modelling
For the preparatory investigations of our experiment the Phase 2 finite element program was used. It is a 2-dimensional elasto-plastic finite element program for calculating stresses and displacements around underground openings, and can be used to solve a wide range of mining, geotechnical and civil engineering problems [21] . Plane strain analysis was used with homogeneous isotropic linear elastic 6 noded triangle finite elements.
The connections between the blocks were taken into account as joints. A joint represents an interface along which movement could take place. A joint was assigned strength and stiffness properties in accordance with the Mohr-Coulomb failure criterion.
Results

Connections between masonry blocks 3.1.1 Tensile strength
By changing the value of the tensile strength of the connections, it can be studied how the structure would behave in case of different bonding strengths (σ t = 0, 0.025, 0.05, 0.075, 0.1, 0.2, 0.3 and 0.6 MPa).
Examples for the models made by Phase 2 are shown in Fig. 2 -7 . Table 2 demonstrates the effect of the tensile strength of the connections on the failure load, the maximum displacement and the number of the cracked connections. Additionally, it shows Tab. 1. Input data of the Phase 2 models of the arches Properties of the blocks: Period. Polytech. Civil Eng. the range within which the structure works as a typical masonry shell or a continuum shells.
Tab. 2. Effect of the tensile strength of the connections
From the results it can be summarized that the mechanical behaviour of the structure changes considerably even in case of a small extent change of the tensile strength of the connections. Within the range where the arch works as a masonry shell the failure load stays in the same level. On the other hand, within the range where the structure works as a typical continuum shell the failure load and the maximum displacement increase linearly along the increase of the tensile strength.
Relying upon these findings, the tensile strength of the connections of the small scale laboratory model should be adjusted in between 0 -0.075 MPa in order to allow the model to behave as a masonry shell. In case of real size vaults the range of the masonry shell behaviour is much larger, and the bonding strength of the mortars are generally within this range.
Behaviour of the structure
Besides the failure load, tensile strength also determines the structural behaviour under loading and the failure mechanism as well. Fig. 8 and 9 represent the two different behaviours under loading, up to the failure. The left side of these figures shows the extent of the loads that are applied, and white lines mark the cracked parts of the connections within the original geometry. On the right side of these figures the deformed shape can be seen on which the partially opened connections are marked. Fig. 8 presents the main phases how a continuum shell behaves. It can be seen, that four -i.e. the number of the degree of static indeterminacy plus one -hinges were necessary for the failure of the structure in accordance with the theory. Two connections opened at the abutments and two opened next to the upper two blocks. These hinges were formed symmetrically, and one after the other. After the tensile strength of the connection was exhausted, the connection was not able to bear extra moment. It was experienced that at this point the connections between the blocks cracked, and the joint behaved as if no tensile strength exists. In this case the structure -depending on the degree of static indeterminacy -can suffer brittle failure or it can start to behave as it would have an additional hinge. After the first two hinge had been formed, the moment was redistributed, and the following hinges were formed. On the other hand, in Fig. 9 it can be seen, that up to the failure of the arch the connections of which have no tensile strength, more partly or entirely opened connections were formed than in the previous case. These opened connections were not formed one after the other. They were formed simultaneously. It can be also observed that there were connections which cracked partly or entirely, however not all of the cracked connections were turned into hinges.
The accomplished finite element models draw attention to the facts that:
• in case of masonry vaults which have joints that pass through the direction of axis (i.e. the numerical modelling of which can be reduced to a two-dimensional task), the real behaviour may differ from some theoretical simplified method which calculate with plastic hinges,
• in case of these kinds of masonry vaults up to the moment of collapse several partly cracked and several partially opened connections are formed, and at the moment when the structure collapses, the masonry arch suddenly becomes a kinematic chain due to the hinges that have zero bending moment capacity,
• a cracked connection is not necessarily equal to the plastic hinge.
• Partly or entirely cracked connection (left) and deformed shape with the opened connections (right) in case of a continuum shell (σ t = 0.2 MPa)
• Partly or entirely cracked connection (left) and deformed shape with the opened connections (right) in case of a masonry shell (σ t = 0 MPa)
Discussion
The results showed that small-scale laboratory models of stone masonry arches can be analysed by means of numerical modelling. The Phase 2 finite element program was able to analyse the structural behaviour with the application of joint elements. Naturally, the validation of these results is necessary with laboratory experiments, and this will be the next phase of this project. In these tests the simulations of the loads were comparable but significantly smaller than the typical loads of a 1:1 scale masonry structure. The results of these preliminary investigations indicate that the tensile strength of the connections has an important role in the stability of the structure. Naturally, the friction between the blocks of an arch has also a great influence on the general behaviour of the structure. It effects the most how many connections crack which effects the failure mechanism. Compared to other similar researches [11, 12, 14, 22 ] the focus of this project was rather on the behaviour of the structural elements than the determination of the global system between the displacements and the loads.
The paper also showed that it is necessary to analyze the behaviour of the arches under loading rather than only the ultimate loads. Further studies are needed to better understand the effect of load distribution when the effect of backfill is also taken into account. The effect of the thickness, the shape of the vault, the different material properties and the type of masonry will be a further focus area of the future research.
Conclusions
FEM modelling (Phase 2 ) of the small-scale stone masonry arch showed that it is particularly important to select the materials scrupulously focusing on the bonding strength of the connections because the behaviour of the structure may differ considerably due to the small scale. Thus homogeneous rock types and lime mortar with small tensile strength are recommended to be used. The results of the numerical modelling draw attention to the fact that the vaults that have been used from the ancient times are little understood in terms of their mechanical behaviour. The bonding strength of the connections influences the load-bearing capacity and the behaviour of the structure under loading significantly. The results of the numerical modelling also show that the formations of the partly cracked connections have a significant role in the formation of the failure of barrel vaults. Thus the behaviour of these cracked connections and their relationship to the theoretical plastic hinges require further investigations.
